Abstract
Introduction
Atrial fibrillation (AF) is the most common sustained arrhythmia [1] and several studies have demonstrated that AF is associated with electrical and structural remodeling in the left atrium (LA) which was proven to sustain the arrhythmia [2, 3] .
Focusing on structural remodeling, late gadolinium enhanced magnetic resonance imaging (LGE-MRI) is a recent technique used for LA fibrosis localization and quantification in the LA wall. The DECAAF study [4] reported that extent of fibrosis in the LA in AF patients may predict recurrences after the ablation procedure. In [5] patients were divided into 4 categories depending on fibrosis extent: Utah stage 1 or minimal fibrosis (<5% enhancement), Utah stage 2 or mild fibrosis (5-20% enhancement), Utah stage 3 or moderate fibrosis (20-35% enhancement) and Utah stage 4 or extensive fibrosis (greater than 35% enhancement). Based on this scoring different therapeutic approaches were suggested, including pulmonary vein isolation for patients in Utah score 1 and 2, pulmonary vein isolation and linear lesions in the LA posterior wall for patients in Utah score 3, ablation of the atrio-ventricular node and biventricular pacing for patients in Utah score 4. Therefore the information about the fibrosis extent may help the electrophysiologist in patient's selection for the ablation procedure.
Despite these promising results, assessment of fibrosis from LGE-MRI in AF patients has not been adopted in the clinical setting due to scarce result reproducibility [6, 7] mainly due to the absence of a standardized image processing protocol to quantify fibrosis extent. Therefore the aim of the study was to compare different methods to quantify fibrosis in the LA in the 3D domain.
2.
Materials and Methods
Clinical Data
LGE-MRI from 60 AF patients acquired at the CARMA Center (University of Utah) in which manual tracing of LA wall by expert radiologist was available, were analyzed [8] .
All patients underwent MRI studies on a 1.5-T Avanto clinical scanner (Siemens Medical Solutions, Erlangen, Germany) using a TIM phased-array receiver coil or 32-channel cardiac coil. LGE-MRI was acquired 15 minutes after the contrast agent injection (dose, 0.1 mmol/kg body weight; Multihance, Bracco Diagnostic Inc, Princeton, NJ) using 3-dimensional inversion-recovery-prepared, respiration-navigated, ECG gated, gradient-echo pulse sequence with fat saturation (voxel size of 1.251.252.5 mm, flip angle of 22°, TR/TE=6.1/2.4 ms, IT=230 to 320 ms, parallel imaging with GRAPPA technique with 2 and 42 reference lines. Typical scan time for the DE-MRI study was 5 to 9 minutes, depending on the subject's respiration and heart rate.
LGE-MRI Data Processing
Five different approaches for fibrosis segmentation were applied in this study.
Thresholding techniques included a histogram-based reference, a blood-pool-based reference and the image intensity ratio technique [7] . All these approaches required a reference value Ref obtained from a region of interest (ROI):
where Th is the threshold that separates scar tissue from healthy tissue, SD is the standard deviation in the selected ROI, N is the number of SDs. In the histogram-based reference approach (H-6SD), normal tissue is defined as the mean of the pixel intensities between 2 and 40% of the maximum intensity within the atrial wall (M 2-40% ). The threshold Th H-6SD was computed at 6SD (SD 2-40% ) above the mean of normal tissue:
In other approaches, the ROI is located in the blood pool (BP) [9] . In this case the threshold was computed using the mean (M BP ) and standard deviation (SD BP ) of the pixel intensities inside the blood pool region:
where I LA is the myocardial intensity of the LGE-MRI in the LA wall.
In the image intensity ratio approach (IIR), the threshold is computed by normalizing the myocardial image intensity by the mean blood-pool intensity:
Th IIR = I LA /M BP Two additional techniques were based on the ChanVese (CV) and on a graph-cut (GC) models.
The CV approach [10] finds in the image the two regions characterized by the maximum difference in gray scale by minimizing the following energy function F:
where I is the image and c are the mean intensities inside and outside the evolving curve C.
In the graph based approach [11] the source and sink nodes were modeled as healthy and fibrotic tissue voxels. The energy function to be minimized was defined considering a regional term R x and a boundary term B x,y equally weighted (λ=0.5) where X are the nodes and A the relationships between two adjacent voxels:
The LA wall was modeled using two Gaussian functions representing the two classes, healthy myocardium ( 1 , 1 ) and fibrotic tissue ( 2 , 2 ). The regional term was defined as:
where I x is the intensity of the voxel x, represents the ratio of the two classes, are the mean and the covariance matrix of the two Gaussian models; N(•) describes the probability Gaussian function and p(I x ) is
The boundary term was defined as:
where I x and I y are the intensity of the voxel x and of its neighbor y; is a penalty term which was set equal to 5 to give more weight to high gradients between voxels belonging to different classes; dist(x,y) is the Euclidean distance between the two voxels x and y. Minimizing the energy function F(L) leads to the partition of the graph in two regions corresponding to healthy and fibrotic tissue.
All LGE-MRI slices were analyzed for each patient by considering the LA wall manually traced by the expert cardiologist.
For each patient and for each technique we obtained the 3D model of the LA with visual localization of fibrosis. For each technique we quantified the percentage of fibrosis with respect to the entire LA wall mass.
Results
A qualitative example of the fibrotic tissue evaluated in the LA wall in one LGE-MRI slice applying the different quantification techniques is reported in Figure 1 .
An additional example of the LA 3D models obtained in one patient applying the five different approaches and the corresponding percentage of fibrotic tissue are reported in Figure 2 .
Overall, results showed these five approaches can be divided in two groups; the group composed by the H-6SD, CV and GC is characterized by similar results (mean coefficient of variation=0.3), while the results obtained applying BP and IIR strongly depend on the quality of the acquisition (mean coefficient of variation=0. 62).
Considering H-6SD technique as the reference approach, BP and IIR showed a negative and low correlation; GC and CV showed a positive and good correlation (Figure 3 ).
An example of Utah stage score obtained in one patient applying the different techniques for fibrosis segmentation is shown in Table 1 . Utah stage classification resulted in a wide disagreement (22/60 patients, 37%) among BP and IIR. The two approaches which best matched the Utah classification were the CV and GC (49/60 patients, 82%)
Discussion and Conclusion
This study confirmed the evaluation of the quantification method appears critical and further research is needed to define a satisfactory standard for the segmentation of atrial fibrosis.
BP and IIR use the blood pool region to normalize the intensity values on the LA wall; therefore these techniques strongly depend on image quality. The LA cavity signal should be properly suppressed but unfortunately a standardized image acquisition protocol is not available. Its availability would improve the performance of methods based on blood pool reference values. H-6SD, CV and GC showed repeatable results.
In conclusion the choice of the approach to quantify fibrosis appears critical. Further research is needed to define a satisfactory standard in the segmentation of atrial fibrosis. In addition, there is a strong need for a standardized imaging protocol, especially for methods that exploit information from the blood-pool region.
